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To elucidate the underlying nature of the hidden order (HO) state in heavy-fermion compound
URu2Si2, we measure electrical transport properties of ultraclean crystals in a high field/low tem-
perature regime. Unlike previous studies, the present system with much less impurity scattering
resolves a distinct anomaly of the Hall resistivity at H∗=22.5 T well below the destruction field of
the HO phase ≃36 T. In addition, a novel quantum oscillation appears above a magnetic field slightly
below H∗. These results indicate an abrupt reconstruction of the Fermi surface, which implies a
possible phase transition well within the HO phase caused by a band-dependent destruction of the
HO parameter. The present results definitely indicate that the HO transition should be described
by an itinerant electron picture.
PACS numbers: 71.27.+a,74.70.Tx,75.20.Hr,75.30.Mb
The heavy fermion compound URu2Si2 has held atten-
tion of physicists for the past two decades owing to the
presence of a ‘hidden order’ (HO) transition at Tc=17.5 K
[1, 2, 3]. Tiny magnetic moment appears (M0 ∼ 0.02µB)
below Tc [4], but M0 is by far too small to explain the
large entropy released during the transition. Several ex-
otic order parameters have been proposed for the HO
phase[5], which are based on either itinerant or localized
pictures. However, the genuine HO parameter is still an
open question. Its elucidation is very important as it can
lead to a discovery of new order parameters in strongly
correlated electron systems.
Several remarkable features of the HO phase have been
reported experimentally. The electronic excitation gap is
formed at a large portion of the Fermi surface (FS) below
Tc and most of the carriers (∼90%) disappears, resulting
in a semimetallic state [6, 7, 8, 9]. The remaining small
number of carriers undergo a transition into an exotic
superconducting state at Tsc=1.45 K [9, 10, 11]. The
neutron scattering experiments report the appearance of
commensurate and incommensurate inelastic magnetic
responses in the HO phase [4, 12, 13]. The HO is affected
by external parameters, such as pressure and magnetic
field. Above the critical pressure of ∼0.5 GPa, a true
antiferromagnetic ordered state with large moments (∼
0.4µB/U) emerges [14, 15], but no dramatic modification
of the Fermi surface is reported between the HO and anti-
ferromagnetic phases [16, 17, 18, 19]. In contrast, strong
magnetic fields destroy the HO phase accompanying a
radical reconstruction of the FS [20, 21, 22, 23, 24, 25].
Well below Tc, field-induced destruction of the HO occurs
at Hc ≃36 T.
Thus high magnetic field response is a clue for elu-
cidating the HO parameter. To date high field stud-
ies have been carried out by using crystals with rather
low residual resistivity ratio (RRR). Recently, extremely
large magnetoresistance has been reported in the crys-
tals with a very large RRR(∼ 700) [9, 10]. Such ultra-
clean crystals are expected to develop an advanced un-
derstanding about the HO phase. Here we present the
Hall effect, magnetoresistance and quantum oscillation
measurements in the HO state of the ultraclean crystals.
We find several salient features which have never been
reported in crystals with lower RRR values, including a
band-dependent destruction of the HO parameter and a
possible transition deep inside the HO phase.
The URu2Si2 single crystals were grown by the
Czochralski pulling method in a tetra-arc furnace [26].
The crystal used in this study displays a very low in-plane
residual resistivity ρ0 ≃ 0.47 µΩ cm and RRR is 670 [9].
The Hall effect and magnetoresistance were measured si-
multaneously up to 27 T in a transverse geometry for
J‖ a and for H within the bc-plane. Figure 1(a) displays
the field dependence of the diagonal resistivity ρxx well
below Tc. The magnetoresistance ∆ρxx(H)/ρxx(0) ≡
ρxx(H)−ρxx(0)
ρxx(0)
is extremely large, ∼1200 at 25 T and
T=0.11 K. Here we obtained ρxx(0) by the extrapola-
tion of the normal state resisitivity in zero field above
Tsc, assuming ρxx(T ) = ρ0 + AT
2. At very low tem-
peratures, the Shubnikov-de Haas (SdH) oscillations are
clearly seen. As shown in the inset of Fig. 1(a), ρxx
exhibits nearly H2-dependence in the low field regime.
No saturating behavior is observed for any field direc-
tions. Such an exceptionally large magnetoresistance
arises from the combination of the peculiar electronic
structure, i.e. extremely high purity, very low carrier
density, and nearly perfect compensation (equal number
of electrons and holes) [9, 27].
The field dependence of the Hall resistivity ρxy is dis-
played in Fig. 1(b). The quantum oscillations are also
seen clearly. There are two characteristic fields marked
by Hp (blue dashed arrows) and H
∗ (black solid ar-
rows). With increasing H , ρxy increases almost linearly
and decreases after showing a maximum at Hp. This
2FIG. 1: (color online) (a) H-dependence of ρxx well below
the HO transition for several field orientations. θ is the angle
between H and the c-axis. Inset: ρxx plotted as a function
of H2. (b) H-dependence of ρxy at several temperatures for
H‖ c. The oscillation in ρxy mainly arises from the ε band.
Inset: Field dependence of ρxy in which the oscillatory part is
removed. In each figure, the peak field Hp and H
∗ are marked
by the blue dashed and black solid arrows, respectively.
broad peak of ρxy is consistent with previous reports [24].
At T=0.52 K and 0.24 K, ρxy exhibits another distinct
anomaly at H∗=22.5 T. This anomaly is less pronounced
at elevated temperatures. To see this more clearly, the
inset of Fig. 1(b) displays ρxy(H), in which the oscilla-
tory part is removed. At H∗, ρxy exhibits a jump in a
very narrow field range (∆H . 1 T). We stress that this
distinct anomaly of ρxy at H
∗ is a characteristic feature
of the ultraclean crystals, not reported previously. These
anomalies can also be seen in ρxx. As shown in the in-
set of Fig. 1(a), ρxx deviates from H
2-dependence above
≃ Hp and changes its slope again at H
∗.
Before analyzing the data, we briefly discuss the elec-
tronic structure in the low field regime of the HO
phase. Previous de Haas-van Alphen effect studies in
fields up to 17 T resolved three frequencies for α-, β-
and γ- FS sheets, which correspond to Fα=1.05 kT,
Fβ=0.42 kT and Fγ=0.19 kT with effective masses
mα=13m0, mβ=25m0, and mγ=8.2m0, respectively,
where m0 is the free electron mass [17, 28, 29]. Here,
FIG. 2: (color online)(a)FFT of the SdH oscillations in the
field range 17-24 T for H‖ c at T=0.11 K. Inset: Angular
variation of the SdH frequency for each branch. (b) The power
spectrum of the SdH oscillations (inverse of the frequency
vs. 1/H) displayed by the method of the continuous wavelet
transform. (c) FFT of the SdH oscillations in the several field
interval. Newly appeared ε-branch is shown by the hatched
region.
Fi is proportional to the cross-sectional area Si of the i-
th FS, Fi = ~Si/2pie. It has been shown that the largest
α-band is spherical and its volume corresponds to nearly
0.03 carriers per U-atom. This value is close to the car-
rier number extracted from the Hall coefficient, indicat-
ing that the α-band is a hole FS (ρxy > 0) and governs
the transport properties. However the large Sommerfeld
constant in the heat capacity(∼ 80 mJ/K2mol) [2] can
not be accounted for the light α-FS sheet, indicating the
presence of missing heavy electron band [9].
We now move on to the transport properties in the
high field regime of the HO phase. Figure 2(a) displays
the fast Fourier transform (FFT) of the SdH oscillations
observed in ρxx for the field range between 17 and 24 T at
T = 0.11 K. The branches which correspond to the α- and
β-FS sheets are observed. The effective masses and the
angular variation of the frequencies (inset of Fig. 2(a))
of these branches are very close to those reported in the
low field regime [17, 28, 29]. A peak whose frequency is
3close to the γ-FS sheet in the low field regime, which is
assigned as γ′, is also observed. However the obtained
effective mass mγ′ = 27 m0 is much larger than the low
field value. Another branch of the SdH oscillations, δ-
branch with Fδ=0.59 kT, has been reported in Ref.[23]
above 25 T. However, this branch is not observed in the
present crystals. To examine the detailed field depen-
dence of the frequency and amplitude of the SdH oscilla-
tions, we display in Fig. 2(b) the power spectrum of the
oscillations yielded by means of the continuous wavelet
transform. It is notable that the γ′-branch emerges above
Hp and its frequency exhibits a large shift with H .
Another remarkable feature is the appearance of a new
quantum oscillation, which is assigned as ε-FS sheet in
Fig. 2(a). As shown in the inset of Fig. 2(a), this ε-sheet
is elliptical and its volume is nearly three times larger
than the volume of the α-sheet. The effective mass of
the ε-sheet is mε = 2.7m0, which is less than 30% of mα.
Figure 2(c) displays the FFT spectrum obtained in the
various field ranges. While the ε-branch is not observable
in the field range 16.7-19.4 T, it emerges in the range
above 17.6-20.7 T (hatched area). Generally, quantum
oscillations arising from heavier bands decay faster with
decreasing H . Therefore, the fact that other branches
with heavier masses are clearly observed in the whole H-
range indicates that the low-field disappearance of the
ε-branch with very light mass is not due to the decrease
of the amplitude caused by the decrease of H .
Next we discuss the peculiar H-dependence of ρxy
characterized by Hp and H
∗. A plausible explanation
for the decrease of ρxy above Hp, together with the con-
comitant deviation from the H2-dependence of ρxx, is a
violation of the nearly perfect compensation realized in
the low field regime. This is supported by the continuous
evolution of the FS across Hp, as evidenced by the devel-
opment of γ′-FS sheet below Hp shown in Fig. 2(b). Such
a FS evolution may come from the polarization of γ′-FS
sheet, i.e. the shrinkage of one of the spin-split sheets
to a point which occurs when the large Zeeman energy
exceeds the Fermi energy [30]. In fact, the γ′-band with
a small volume and a large effective mass should have a
small Fermi energy.
The transport anomaly at H∗ provides several pieces
of important information for the electronic structure in
the HO state. We point out that the anomaly at H∗ is
likely to be related to the appearance of the ε-FS sheet
because of the following reason. Figure 3(a) depicts the
angular variations of H∗ (solid squares) and the ampli-
tude of SdH oscillations of the ε-FS sheet (solid circles)
in the field range of 20 - 27 T. H∗ increases steeply with
increasing θ. The solid line is the SdH amplitude calcu-
lated from the Lifshitz and Kosevich formula [31]. The
observed SdH amplitude decreases faster than the value
expected in the Lifshitz and Kosevich formula at θ & 40◦,
where H∗ is out of the measurement range. We note that
at θ & 40◦ the ε-branch recovers in a higher field range
of 24 - 27 T, indicating that the reduction in the field
range of 20 -27 T is not due to the spin factor. There-
FIG. 3: (color online) (a) Solid (blue) squares indicate the
angular variation of H∗ determined by the inflection point
of ρxx(H), which is obtained by the field derivative of ρxx.
Dashed line is a guide for the eye. Solid (red) circles indicate
the angular dependence of SdH amplitude at T=0.52 K. The
solid line is the result of the Lifshitz and Kosevich formula.
(b) Field dependence of the second derivative of ρxy with
respect to H . The oscillatory part in ρxy is filtered. The
arrows indicate H∗.
fore, the depression of the ε-branch in the field range of
20 -27 T indicates the correlation between H∗ and the
SdH oscillation of the ε-branch. The quantum oscillation
of the ε-branch starts at fields slightly below H∗. Such
a precursor phenomenon is often observed in magnetic
systems and in superconductors. As seen in Fig. 1(b),
ρxy(H) decreases more rapidly above H
∗ than below H∗
and appears to become negative above 27 T at T=0.52 K.
Such a sign change indicates that the ε-FS is an electron
pocket with high mobility.
It has been reported that new quantum oscillations
often appear when the metamagnetic transition or mag-
netic breakdown occurs. However, in either case, the
jump of ρxy has never been observed [30, 32]. Therefore
it is natural to attribute the observed twofold anoma-
lies, namely the jump of ρxy and the appearence of the
ε-FS sheet, to an abrupt reconstruction of the FS, which
is caused by a possible phase transition at H∗. Since
the electronic specific heat of the ε-band estimated from
the SdH results is only γε ≃ 2.3 mJ/K
2 mol, which is
much less than the Sommerfeld constant, very accurate
thermodynamic measurements are required to detect this
transition.
We emphasize that the Hall sign change as well as the
jump of ρxy is observed in the ultraclean crystals for the
first time. Therefore it is very likely that these anoma-
lies originate from the band-dependent nature of the HO
parameter, because each band manifests their characters
when the interband scattering is strongly suppressed with
high purity. In such a case, each band has a different am-
plitude of the HO gap. Then new bands can appear when
the magnetic field exceeds the condensation energy of the
smaller HO gap even well below Hc, at which the com-
plete destruction of the HO state occurs. This appear-
ance of new bands would greatly change the properties of
4FIG. 4: (color online) H − T phase diagram for H‖ c. SC
and PM denote superconducting and paramagnetic regions
respectively. The thick solid line is the critical field Hc of
the hidden order (HO) state [20, 21, 23, 24, 25]. The red
circles are H∗ (see Fig. 3(b)), separating two distinguished
HO state, HO I and HO II. Spherical band sketches the (hole)
α-FS sheet. HO II is characterized by the appearence of the
elliptical (electron) ε-FS sheet. The high field region above
Hc shown by yellow is the field induced phase [20, 23, 24].
the electron orbits. This situation bears striking resem-
blance to the multiband superconductors such as MgB2,
in which the amplitude of the superconducting order pa-
rameter is band dependent. In this case, the supercon-
ductivity with the smaller gap is strongly suppressed at
a “virtual upper critical field” well below the true upper
critical field [9, 33]. Note that the multiband supercon-
ducting nature is observable only in clean systems where
the interband mixing is weak.
Finally we discuss the H−T phase diagram. The tem-
perature dependence of H∗ is determined by the kink po-
sitions in d2ρxx/dH
2 vs. H curves, shown in Fig. 3(b).
As the temperature is increased, H∗ decreases gradu-
ally. Figure 4 displays the phase diagram obtained by
the present study. The results strongly suggest that the
HO phase contains two distinguished phases, HO I and
HO II, each having different FS in the reciprocal space
(see sketches in Fig. 4).
In summary, the transport studies by using ultraclean
crystals of URu2Si2 reveal several outstanding features
in the hidden order phase. Particularly, the observed
transport anomalies and the appearance of a new quan-
tum oscillation indicate an abrupt reconstruction of the
Fermi surface. This implies a possible phase transition
well within the HO phase caused by a band-dependent
destruction of the hidden order parameter. Our find-
ing places a constraint on theories of the hidden order
state, which has been discussed by localized or itinerant
electron picture. The band-dependent nature definitely
indicates that the hidden order transition should be de-
scribed by an itinerant picture.
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